Introduction

43
Phytobilins are heme-derived linear tetrapyrroles that perform 44 important functions in oxygenic photosynthetic organisms includ- 45 ing green plants, cyanobacteria and red algae [1, 2] . When attached 46 to proteins (biliproteins) via thioether linkages to cysteine resi- centers [6, 7] . Since biliproteins are necessary both for energy cap-54 ture and for adaptation to the light environment, production of 55 these linear tetrapyrroles is critical to photoautotrophic organisms 56 in which they are present. 57 The linear tetrapyrrole phycocyanobilin (PCB), 3 comprising the 75 With each electron transfer, a proton must be transferred to the 76 bilin substrate [9, 12, 14] . Site directed mutagenesis has been a 77 powerful tool to help identify residues that mediate this proton 78 donation to the tetrapyrrole substrate. Previously, His88 and 79 Asp105 (Synechocystis sp. PCC 6803 PcyA numbering) were shown 80 to be critical for the reduction of both vinyl groups [14] . Crystal 81 structures reveal that these residues interact in the absence of sub-82 strate, but move apart upon BV binding to interact with the bilin 83 substrate [11, 12, 15] . In the substrate-free PcyA structure, the pro- BV [13] . Substitution of either residue with a non-proton-donating 89 amino acid prevents transfer of a second electron thereby stabiliz-90 ing the one-electron reduced BVHÅ radical [16] . In addition to D-91 ring exovinyl group reduction, His88 also plays a critical role in 92 A-ring endovinyl reduction since the H88Q variant is unable to re-93 duce the A-ring vinyl group of exogenous DHBV [12] . Re-proton-94 ation of H88 therefore appears necessary for endovinyl reduction. 95 The 
where I h is the mean of I hi observations of reflection h. Numbers in parenthesis represent highest resolution shell. b R-factor andR-free = R||F obs | À |F calc ||/R|F obs | Â 100 for 95% recorded data (R-factor) or 5% of data (R-free). Numbers in parenthesis represent highest resolution shell. sp. PCC7120 PcyA locus [14] . In these studies, we examine PcyA 310 from Synechocystis sp. PCC6803, which is 58.2% identical in amino 311 acid sequence. Since Synechocystis PcyA also is three amino acids 312 longer than the Nostoc enzyme, its residues are mostly numbered forms an H-bond with Oe2 of Glu76, which also adopts two confor-363 mations, both of which shift towards the vacated space near Ala74 364 ( Fig. 2A) . These results indicate that the inactivity of the H74A var-365 iant is not due to the absence of a water molecule between the con-366 served residues His88 and Lys72, the latter previously proposed to 367 be involved in proton transfer from the solvent and the substrate 368 [12] .
369
In contrast with the H74A variant, the H74E active site shows 370 that Glu74 rotates away the conserved water molecule next to 371 His88 (Fig. 2B) . Surprisingly, a new bound water molecule is also 372 present in the H74E variant in a similar location to the new water Fig. 3 . Stereo superposition of the PcyA H74A active site onto wild type. Active site displayed with biliverdin bound showing the two conformations of the exovinyl group for the H74A variant. Also labeled in red is the water molecule that is centered above the four pyrrole nitrogens, which is not observed in the wild-type structure, but also seen in the H74Q and H74E structures as well as the D105 N and H88Q structures [13] . The same color scheme as in Fig. 1 is used. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) exovinyl carbon in the second points towards the other Glu76 con-407 formation (Fig. 3) . In the H74E structure, one of the Glu76 confor-408 mations places the carboxylic acid side-chain close to the vinyl 409 group as in wild type, restricting the vinyl conformation to that 410 of the wild-type enzyme (Fig. 2C) . In all variants, two observable 411 conformations are seen for Asp105, which are also observed for 412 the wild type (Fig. 3) . While previously we have argued that these 413 two conformations account for the partial protonation of BV prior 414 to the first electron reduction [9, 13] , the lack of a long-wavelength bonding distance of all four pyrrole nitrogens and Asn219 (Fig. 3) .
421
This water molecule was also seen in the D105 N and H88Q vari- 
